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TOTAL LIFT AND PITCHING MC»!ENT ON THIN ARROWHEAD WINGS 
OSCILLATING IN SUPERSONIC POTENTIAL FLOW 
By H. J. Cunningham 

SUMMARY 


Expressions 'based on linearized supersonic potential theory are 
given for the total lift and moment coefficients of thin arrowhead wings 
oscillating in pitch and vertical translation. The arrowhead plan form 
as treated herein includes all pointed-tip wings; the delta plan form 
with an ^lnswept trailing edge is a special case. A restriction is that 
the ccmponent of flow normal to the trailing edge must be supersonic or 
sonic. The total coefficients have Been obtained by integration of the 
section coefficients given in NACA Report 1099 for the subsonic-leading- 
edge wing (to the fifth power of the frequency) and in NACA Technical 
Note 2^9^ for the STj^ersonic-leadlng-edge wing (to the third power of 
the frequency) . The accirracy of these expressions extends to sufficiently 
hi^ frequencies to make them potentially useful in flutter applications. 

A correlation of coefficient notation is given for the present flut- 
ter coefficients, for dynamic stability coefficients, and for the exact 
flutter coefficients developed by Miles for the supersonlc-leadlng-edge 
delta plan form. For the supersonlc-leadlng-edge delta wing, curves are 
given to show the comparison of these three types of coefficients. The 
relative importance of higher order frequency terms as compared with the 
lowest order frequency term in each flutter coefficient decreases rather 
rapidly with the following parametric changes; increasing Mach number, 
increasing leading-edge sweep angle (except for the supersonlc-leadlng- 
edge delta wing), and decreasing traillng-edge sweep angle. These para- 
metric changes have the concirrrent result that the accuracy of the approxi- 
mate coefficients increases for any given reduced frequency. 

Sweeping the trailing edge back has, in general, an unfavorable or 
destabilizing effect on the damping of pitching oscillations . An unstable 
damping in pitch, however, does not necessarily imply an instability of 
the wing if the wing is also free to translate vertically. For these two 
degrees of freedom, examples are given of requirements on mass ratio and 
pitching radius of gyration for the condition of no elastic restraint, 
that is, with the wing in free flight. 
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INTRODUCTION 


The present paper is concerned with the integrated or total aero- 
dynamic forces and pitching moments on thin oscillating arrowhead wings 
in linearized supersonic potential flow. The class of wing plan form 
treated Includes all arrowhead wings with subsonic or supersonic swept- 
back leading edges and supersonic sweptback or sweptf orward trailing 
edges meeting at. pointed tips. The delta wing with an unswept trailing 
edge is a special case. 

The total forces and pitching moments on these arrowhead plan foims 
can be usefiil in several applications including the following; dynamic 
stability analysis of tailless arrowhead-wing configurations extending 
to very- short -period oscillations, flutter analysis of arrowhead wings 
or tails involving rigid-body components of motion, analysis of the 
oscillations of a system consisting of a rigid wing or tall mounted on 
a flexible fuselage, and analysis of oscillations of a rigid all-movable 
control surface which either has a full-span arrowhead plan form or is a 
half -span surface moimted on a body which acts as a reflection plane. 

References 1 and 2 give expressions for total lift and mcxnent on 
rigid delta plan forms with adl edges supersonic, and these expressions 
apply to all frequencies of oscillation. Expressions for section lift 
and moment of the more general arrowhead plan form are given in refer- 
ence 3 ^or subsonic leading edges and in reference 4 for supersonic 
leading edges. The expressions of references 3 and 4 were developed on 
the basis of an expansion of the velocity potential as a power series in 
the frequency of oscillation and retention of the first few terms in the 
series. Reference 3 retains the fifth power of the frequency and refer- 
ence 4 retains the third power. The total forces and moments of the 
present paper are the spanwise integrals of the expressions for the sec- 
tion forces and mcments of references 5 and 4. 

References 5 to 8 give various longitudinal static and dynamic sta- 
bility coefficients for the arrowhead plan form based on the retention 
of teims for only the zero and first powers of the frequency of oscilla- 
tion. Reference 5 deals with the subsonic -leading-edge arrowhead wing, 
and references 6 , 7 , and 8 deal with the supersonic -leading-edge arrow- 
head wing, as well as a more general plan form with a taper ratio greater 
than zero. 

Because of some confusion which exists with regard to the relation 
of flutter and stability coefficients, a correlation is presented herein 
of the notation of the flutter coefficients of the present paper, the 
exact flutter coefficients of reference 1 , and the dynamic stability 
coefficients as given in reference Furthermore, in order to permit 
assessment of the accinracy of the first-order frequency coefficients of 
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references 5 "to 8 and. of the higher order frequency coefficients of the 
present paper in congjarison with the exact coefficients of references 1 
and 2., examples of these three types of coefficients are given in the 
form, of cvLTVes as functions of the frequency parameter oi for sonic- 
and supersonic-leading-edge delta wings. 


SlfMBOLS 


Aj, P., Q.«, R. constants depending on pC, expressed and tabulated 

^ ^ in reference 3j i = Oj 2, and 3 and 

j = 1, 2, ... 20 

b semlchord of wing at root or at midspan 

c mean aerodynamic chord 

C = cot A = tan e 


V' V 


longitudinal, stability coefficients referred to 
stability axes, defined in reference 5 


D = tan 








Hum 


section functions of P, v, and traillng-edge coordi- 
nate, defined in reference ij- 


®nin> ^mn f 
^nn^ Hjon 


spanwise Integrala of 0,^, aiia 

given by equations (A12), (AIT), (A23), and (A2i|-), 
respectively 


vertical displacement of axis of rotation, positive downward, 

, Int 
hoe 


h = 8h/&t 

hrt 


amplitude of vertical displacement of axis of rotation 
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m 


^4,n’ 

k reduced frequency, hoi/v 

\n> \n^ 

K2,n'^ Kg^n" 


spanwlse integrals defined by equations (Al) to 
(All) and (A18) to (A22) 


spanwlse Integrals defined by equations (Al4) 
to (ai6) 


Lj^, n.nmpnnpjnta of section lift and mcsnent coefficients for a pitch 

and moment aocls at |J.q, appearing In equations (l) and (2) 

Li + ili2 complex lift coefficient due to vertical translation, posi- 
tive indicates lift acts upward for positive h (lift 

opposes h) and positive L2 indicates lift acts upward 
for positive £ (lift opposes or damps h) 


Lz + lLj| ccm5>lex lift coefficient due to pitching oscillation, posi- 
tive indicates lift acts upward for positive a and 

positive Lij. indicates lift acts upward for positive a 


+ IM^ 


complex mcment coefficient due to vertical translation, posi- 
tive indicates manent acts leading edge down for posi- 

tive h and positive M2 indicates moment acts leading 
edge down for positive fi 


Mj + IMi^. complete moment coefficient due to pitching oscillation, posi- 
tive indicates manent acts leading edge down for posi- 
tive a (moment opposes a) and positive indicates 

moment acts leading edge down for positive a (moment 
opposes or damps d) 


L^, components of total lift and moment coefficients for a pitch 

and moment axis at Pq, appearing in equations (5) and (4) , 

obtained by spanwlse integration of and 

i = 1, 2, 3} and 4 

L^*, parts of and Mj^, defined by equations (6) and (7); 

i = 1, 2, 3} and 4 
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M 

Ma 

P 

P 

t 

V 

a 

a = ^/3t 

ttQ 

7i, 5i 

J 

P = 
e 

V 

f^O 


free-stream Mach, mimiber, V/Speed of sound 

section mcment per unit span on wing strip parallel to main 
stream, taken about axis of rotation ^iq, positive leading 
edge ;jp 

total moment on wing about axis of rotation pq, positive 
leading edge up, obtained by spanwlse integration of 

section force per unit span on wing strip parallel to main 
stream, positive downward 

total force on wing, positive downward, obtained by spanwlse 
integration of P 

radius of gyration of rigid wing about axis at ^.q, nondimen- 
sional in terms of semichord b 

time 

velocity of main stream 

angular displacement about axis of rotation, positive leading 
edge up, OQe-^ 


amplitude of angular displacement about axis of rotation 

functions of M and leading-edge sweep angle, defined fol- 
lowing eqioations ( 7 ) 


half apex angle (90° - A) 

sweep angles of leading edge and trailing edge, respectively, 
positive for sweepback 

rectangular coordinates moving in negative ^.-direction with 
average velocity of wing, nondimensional in terms of chord 2b 

value of p. at axis of rotation and coincident moment axis of 
wing as shown in figure 1 
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.. ~ . Wing mass 

a mass ratio of wing^ — 

8pb^C 

0 ) circular frequency of oscillation 

03 frequency parameter, 2kM^/^2, nondimensional and equal to 

2b times c5 in references 3 and it 

p air density in main stream 

a = ^2c2 - 1 

a. constants depending on 3C and M, defined following equa- 

^ tion (5b); J = 1, 2, ... 20 

EXPRESSIONS FCR TOTAL FORCE AND MOMENT 


Expressions for the section lift and pitching moment for the thin 
arrowhead wing in vertical translation and pitch are given in refer- 
ence 3 for the subsonic-leading-edge (naxrow-wlng) case and in refer- 
ence if for the supersonlc-leadirg-edge (wide-rwing) case. Total forces 
and moments which can be useful in several applications, for exBii 5 )le, 
flutter analyses of arrowhead wings or tails involving rigid-body com- 
ponents of motion, are obtained in the present paper by spanwise integra- 
tion of the section lift and mcment expressions. The plan form treated 
is that of the arrowhead wing shown in figure 1 with trailing edges swept 
forward or back and meeting the leading edge at a pointed tip; however, 
the component of flow velocity normal to the trailing edge must be super- 
sonic or at least sonic. 


The notations of references 3 and 4 have been followed herein inso- 
far as possible; compromises have been made when differences exist between 
the two references. The section lift and the section moment about the 
axis p. = Pq are expressed by 


= -lfpbv\^e^^ + il.2) + “0(^3 + ^^0 




t¥i ^ ^ 2 ) - o (^5 


+ iMi 




( 1 ) 

( 2 ) 


(The axis about which the pitching oscillation takes place is also at 
P = P0‘) 

The total lift said moment may be determined conveniently as twice 
the integral between the plane of symmetry and a wing tip and are 
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5 = 2 P2b dv = -8pb We“ + lE^ -H a^(i, + i^,)] (3) 

= 2 U^Zb dv = -8pb^V®k^e“" + ii^) + a.(,(Mj + iSj (4) 

Subsonlc-Leadlng-Edge Wing 

E 3 cpressions for the section forces and moments are given in refer- 
ence 5 for the SEihsonic-leading-edge arrowhead wing. The total forces 
and moments are the spanwise integrals of these section quantities. The 
spanwise coordinate y of reference 3 is replaced by v, and the coordi- 
nate of the trailing edge is denoted herein by 1 + Dv, where D is 

the tangent of the trailing-edge sweep angle A^. The three basic inte- 
grals required, 1^ , lo I_ , are given in the appendix. 

^ i,m 2,n ' 3,n 

With these integrals the coefficients of total force and mcanent (divided 
by C, the cotangent of the leading -edge sweep angle) can be written as 
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T ■ - p\)x2,2° + ^[f(-‘^’ 


+ 


^^“ 3 )^ 3 .^° - -^i^S - + “% lCM2p2c2„g)l2^/ + 

-=ii(2P^Q3 + 5P^C^04 + 211^05 + 5M^pV0g)l2^O^ 

6 m 20 


15c 

^ 2 
3 C^c 

0 ^ 6 h L 2 . 


+ k 


.k- mS 


,10 




7 X'*‘S 


35 G 


^(4p^0g + 7P^C^0 ^q - + 1vm^03^2 + + 


105c 


!^-i 

C k 


T«Vo‘‘"u)(^ l2,0^ * ^2,2**) ^ ^ 

(5e) 

'^ o (^ 2 , i ° * ^ ^ 3 , 2 )] ^ * 


“S + KM 2 p 2 o %)( l 2 ^ j ^2 ^ ^ ^ j ^3 ^ - eS ) l 2 , 5 ° + 


1 / o 2 

3 C 


( p 20 ^ - 6 pV 0 g + U^a^ + lfiM2p2c2jj^^^3-^^^2 ^ -|.(p2^^ ^ 


2p"^c20g + m 20^ + 2M2p2c2^^^ ^ ^ ^,6) 


Lp 

- 2 ll ^ -= 

*^0 c 


(5f) 
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T ' I T * “^”2 - ‘‘‘^P^C%)(l2,l2 + 

^ "5.“) ^ $[t(^% - 5“""i 5)"2,5° - i^(^''’T " ♦ 

~ SP^C^cTg + + 

8m23'‘o'‘<,J(i 3_^'‘ + ^ l3^g)j - 24o(i <5 b) 


1 % 

T 


'- I ^ " 5 ^K,2° - ^ ^2,o") * f W”^ - '*“%)^2,4° 


16 

15C‘ 

16 

C 2 

64 

55 c' 


;(-p 202 - 5 p'^ 0 % - H?a^ + ^ ^ ^ 


(p 2 A, - * k 3 ^ ^^( 6 M 2 „^g . p 2 „^ 5 )ia, 6 ° 


* “^"is * + 


TpVoj^g - 35P®o'*Oj^^ + 4M^<j^ + + TOM^pVogp^^Ig^, 


.0^) ^ 


^ •‘ 2,0 / + P cr^,j, - M ^ « 2 Q 


,)l 2 . 0 ® - M 


2 . 2 „ 6 


- + 


% 

c 


^'^0 t) 


(5h) 


where 
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The quantities Pj, Qj, and Rj are defined and tabulated in 

reference 3* 


Supersonic-Leading-Edge Wing 

Expressions for the section forces and mcments are given in refer- 
ence 4 for the supersonic-leading-edge arrowhead wing. The spanwise 
integrals of these section quantities are the total forces and moments. 
The section coefficients are expressed in terms of the spanwise varia- 

^mn®^ ®mn> • ^eir spanwise integrals > 

Ocrnn, and are given in the appendix. The coefficients of total 

force and moment can be written as 


+ iLg = + iLg’ 

+ iL}|, = L^ * + iL^j^ * 
Mj, + ii^ = + liig* 

+ iMij^ = Mj' + iMi^> 


(I " "“o)(h 

2l‘o(h * “ 2 ) 

* ^') - (e + + “ 2 ) 


(6) 


where 



“l^Ol ^Ai° ■*' ^2^02 + ^^(^2^02 + “'3^20 “'4^03 

V21 ^3^03'' ^ ^ 4 ^ 04 °) 


(Ta) 


- - 0 
-2itL = -B F 
2 *^1 01 




:(a 


1^01 " °’ 2®02 ■ “ 3®20 ^ 2?02 " ^ 5^05 ) ( Tb ) 
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b' - + r2®02 + 73 E 20 + + 6j^2° + 


5j^Pi2 + 8^Pq^° 


(7c) 


■ -f (rAi - H- Voi' - Vo2°) - ^(ra%2 - r,\o - 
V 03 - ^5®2i ^ Vo3° - Vi3° - Vo3^ - Ss?o4°) 


(7d) 


‘ |“l(^02 

" ®0l) + 

- 0 
^1^11 

+ ^2(I'l2° - 

°^3^21 + 


G03) + 

“ 5(^22 - V 

h{\k 

-B*°)] 



Pi(hqi . 

- )i 

+ kLa(j2 + = 2(002 - 


^j(«03° 

-^4 



^^02°)] + ^^^[“2^03 
) ■*■ ^5^3° 


(7e) 


5 ) + a^^Ggo - Egij + 


(7f) 


-2rtM3« - y^Go2 + 72 (eq3 - Gqs) + 75(5 


- 0 . _ 1 


^03 - G^02; + 75^^21 - G20) + S^H2 i + S 2H^ + 

- ^°) ^ - s„,°) 
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- ®os) + ®i(=u° - ''si°) 52(201^ - ^ 11 ^) + 

^3(^02 ■ ^12 ) j ■'■ '^K2®03 * ’'5°21 * a(®03 ■ ®CA-) ’’■ 

/_ - \ -0 - 0 /_ 0 - ON 

'^^{^21 ~ ^ 22 ) ■*■ ^ lj .^22 ^ 5^3 '*' ^ 6\®13 ‘ ^23 / 

®7(®03^ - * ®8(5*° - ?llt°)J 

where, as in reference K, bub with C replacing 

“1“®# 

“•2 = + 5) + cj] 

2 6p^a2L -I 


a, = JLS_(3 m2 + . 0 ) 

^ 6p2a2^^ 

a. = . -^0 . .1 m^(i8ct^ + 51a + 15 ) + 3 a( 5 a + 3)1 

TapV*- -* 

°5 = ~^^ -[M^(38a + h3) + 5a(W + 9)] 


(7h) 


R - i 
^1 " Va 


M^C 

^““ 205/2 




12p2o5/2 





MCA TN 3^55 


7 

^1 a 




y ^ 




jM^( 2 tr^ + 19 a + 15 ) + a(a + 3>J 


J^ - J l^(2Sa + ij-5) + 90 ] 


^1 =';572 


- 5) 


62 = 51 


6, =-lf^ 


85 = m!_L2(4(j + 5) + ct(3 

48p2j,(/2 1 


6 r 7 =s 


.,.[i|.M^( 2 a + 3) + 5 ct1 

O rr /rt U »J 




“^'^775 


58 ' + 3) 


It is to be noted for the si; 5 )ersonic-leadlng-edge wing that, as the 
sonlc-leadlng-edge lim it is approached, all the coefficients a^, p^. 


approach infinite values because 


approaches zero. 


the condition, therefore, of a slightly supersonic leading edge, a large 
ntimber of significant figures would have to be used because of the loss 
of significant figures at the final step (eqs. (7))* the limiting 

condition the force and moment coefficients of equations ( 7 ) are finite 
differences of Infinite quantities and their numerical determination by 
the present expressions cannot be made. The sonic-leading-edge wing 
remains entirely tractable, however, as a limiting condition of the 
subsonic-leadlng-edge wing. 

In this section on the supersonic-leading-edge wing, a point con- 
cerning only the delta plan form, made in references 1 and 4, bears 

repeating} namely, the total coefficients divided by C ^ I^|c, 

etc.^ are dependent only on Mach number and not on C. This means that. 
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for Mach numbers at which it may be inconvenient to obtain the exact 
results of reference 1, flutter coefficients (divided by C) caji be 
obtained to the fifth power of the frequency as follows: At the Mach num- 
ber of interest, calculate the coefficients, forth, for a 

delta wing with sonic leading edges from, the expressions for the subsonic- 
leading-edge wing. For constant M these quantities remain unchanged 
for all the wider supersonlc-leadlng-edge wings. This same observation 
does not apply to the total coefficients if the trailing edge is swept, 
nor does it apply to the section force and moment coefficients for any 
arrowhead plan form. 

The sections to follow give some observations drawn from determina- 
tion and use of the flutter coefficients obtained from the expressions 
of this and the preceding sections. 


RESUITS AND DISCUSSION 

Effects of Mach Number, Plan Form, and Pitch-Axis Location 


In order that some effects of parameter variations can be observed, 
sets of force and moment coefficients are presented in tables I to III. 
Table I is arranged in the order of increasing Mach number for a specific 
wing plan form. Tables II (a) and II (b) are arranged in the order of 
increasing leading-edge sweep angle, with Mach number and trailing-edge 
sweep angle held constant (or essentially constant). Table III is 
arranged in the order of decreasing trailing-edge sweep angle (sweepback 
is positive) with Mach number and leading-edge sweep angle held constant. 
The p\irpose of the arrangement of the tables is to show that, for any 
given reduced frequency k, the higher order frequency terms beccme pro- 
gressively less important con^tared with the lowest order frequency term 
for any of the following parametric changes; increasing Ifech number, 
increasing leading-edge sweep angle (except for the supersonlc-leadlng- 
edge delta wing, as noted previoiisly) , or decreasing trailing-edge sweep 
angle. 

In order to show seme effects of Mach number, plan form, and pitch- 
axis location on single-degree pitching instability, figure 2 is pre- 
sented. Boundaries separating stable and unstable regions of Mach number 
and pitch-axis location are given for arrowhead wings with 45° sweptback 
leading edges and with five different trailing-edge sweeps. Including 
0° sweep obtained from figure 7 of reference 5» ®ie regions of possible 
pitching instability lie below the respective curves and sweepback of the 
trailing edge is seen to be unfavorable or destabilizing, whereas sweep- 
forward has the opposite effect. The various curves have not been 
extended below the Mach number at which the trailing edge is sonic. The 
curves apply to slow oscillations for which terms in other than the 
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l/k term are negligible. If the frequency were to Increase, the unsta- 
ble region would shrink downward. 

In order to provide seme insight into the reason why sweepback of 
the trailing edge can have a destabilizing effect, figure 5 shows the 
regions on arrowhead wings which experience a destabilizing pressure 
component for low-frequency pitching oscillations; that is, at the 
instant in a cycle of a pitching oscillation when the pitching velocity 
is a positive maximum (and displacement is zero), the hatched regions 
of figure 3 have a pressure difference acting in the direction of the 
local translational velocity of the s;arface. These regions may also be 
said to have a pressure which leads the pitching displacement. For con- 
venience, only one-half of the wing is shown, because the pressure dis- 
tribution is symmetric about the root chord. 

Wings with two different leading-edge sweep angles are shown, 
and 60°, for a Mach number of 10/9 and with various pitch-axis locations 
as Indicated in figure 3* It is to be noted from the figure that, for an 
axis location behind the 49 percent root chord on the 45° wing and behind 
the 73 percent root chord on the 60° wing, essentially all wing area added 
between. the pitch axis and trailing edge by sweeping the trailing edge 
back is destabilizing. For more forward axis locations, seme stabilizing 
and seme destabilizing area is added by trailing-edge sweepback, with the 
net contribution being in the destabilizing direction unless the pitch 
axis is well forward, as would be the case, for example, for a noncanard 
horizontal tail. 

As has been pointed out, figure 2 shows regions of possible pitching 
instability for certain plan forms. Before a pitching instability of an 
arrowhead-wing aircraft (without an oscillating control surface) can 
actually occur, however, other conditions on mass, mass moment, and elas- 
tic restraint must be satisfied. In order to illustrate some of these 
conditions, the, sin^ile case of a rigid arrowhead wing flying freely has 
been analyzed and the results are presented in figure 4 for a Mach num- 
ber of approximately 1.25 with the center of gravity (and pitch and 
moment axis) at the root midchord ~ 0*5) • The conditions on the 

wing are that it has two longitudinal degrees of freedom, pitching and 
vertical trajislation (but no freedom to vary its speed in the fore-and- 
aft direction), and is not elastically restrained; also, no effects of 
gravity, thnist, or aerodynamic forces due to a fuselage or to the thick- 
ness of the wing are considered. The dynamical equations of equilibrium 
for harmonic oscillations about the center of gravity can be expressed 
simply in matrix form as 
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The quantities hQ and oq are the conqplex amplitudes of hamonic mcytion 
of vertical translation and of pitch, respectively; |i^ and r^ are 

described in the next paragraph. 


The nontrivial solution of equation (8) can be obtained by setting 
the determinant of the four-element square matrix equal to zero. The 
abscissa of figure k is the ratio of the mass of the wing to the 

mass of air p(2b)^C. As an airplane gains altitude, its mass ratio 
moves to the right in figure ^4-. The ordinate r_ is the radius of 

Ur 

gyration in pitch of the subject arrowhead wing, nondimensionalized in 
terms of the root semichord; that is, r^ is unity if the radius of 

gyration is equal to the semichord b. The three plan forms represented 
in figure 4 have subsonic or sonic leading edges, and the solid curves 
are the res-ult of tislng coefficients which include the fifth power of 
the frequency. 


The unstable regions are inside and to the ri^t of the respective 
curves. The lower right-hand cuurve applies to a delta wing with a 
leading-edge sweep angle of 4-5° « When the trailing edge is swept back 
20°, with the leading-edge sweep angle held at 45°, the unstable region 
expands upward to the highest curve shown. (Fig. 2 also has curves for 
these two plan. forms.) If, Instead of the trailing-edge sweep angle 
being Increased, the leading-edge sweep angle is decreased to the point 
where that edge is sonic (A = 56 . 8 °), the region of instability extends 
outward to the curve farthest to the left. (The short-dash curve labeled 
"Exact (ref. l)" and the long-dash cuirve resulting from first-order fre- 
quency coefficients for the same plan form are discussed in the next 
section. ) If the Mach numiber changes from that of figure 4, the unstable 
regions expand to the left as M decreases and shrink to the ri^t and 
eventually vanish as M increases, ideation of the pitch axis also 
affects the extent of the unstable region. No unstable region exists in 
a plot of the type of figure 4 unless the wing has a plan form, a Mach 
number, and a pitch-axis location which fall in a region of possible 
instability in a plot of the type of figure 2. A rigid arrowhead wing 
flying at supersonic speed with the two specified degrees of freedem 
therefore can experience an oscillatory instability only if it falls in 
unstable regions of plots of the types of both figure 2 and figure 4. 
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Comparisons With Other Work 

Con^iar Isons of results from the expressions of the present paper 
can be made with the exact results of reference 1 only for the case of 

the supersonic-leading-edge (wide) delta plan form. ^In ref. 1 the tab- 
ulated values of the Schwarz function f^j^ are incorrect and, as a result, 
the coefficients -(lA)%^j_^ and inaccurate. In the 

present paper wherever nijmerical resiilts from the theoretical analysis 
of ref. 1 are plotted, connected values are used.^ 

Comparisons of the present results can also be made with the first- 
order fl*equency coefficients general ]iy used in dynamic-stability work. 

It can be shown that the stability coefficients are Identical with coef- 
ficients resulting from a frequency power-series expansion of the velocity 
potential which includes only the zero and first power of the frequency 
(and the second power for vertical translation since the unit of transla- 
tion here is h and not h) j these zero- and first-power terms therefore 
result in the steady-state and steady-rate -of -change coefficients, 
respectively. In the force and moment coefficients of equations (5) 
and (7) the zero-order-of-the-frequency or static stability coefficients 
are the terms involving l/k^ in Lj and (a k^-multiplier is taken 

outside in eqs. (3) and (4)) and those involving l/k in and 
(The latter terms would also involve l/k^ if the unit of translation 
were the translational velocity h as in airplane stability work rather 
than the translational displacement h used in flutter work.) Addition 
of the terms involving lA and and those involving k to 

the zero power in Li and Mj gives the first-order-of -the -frequency 

or quasi-steady dynamic stability coefficients. Equations (3) and (7) 
include all terms to the fifth power and the third power, respectively, 
of the frequency. 

Table IV lists the notation for the coefficients of the present 
paper along with the corresponding notation of reference 1 and of ref- 
erence 5 for an arbitrary fore-and-aft location of pitch and moment axis. 
The qiiantities on any one line approach exact numerical equality as the 
frequency of oscillation approaches zero. It shotild be pointed out that 
the reference length in the present flutter work is the root chord 2b, 
whereas the reference length in stability work is the mean aerodynamic 
chord c" which, for arrowhead wings, is (2/3) (2b). 

The accuracy of the approximate coefficients extending to the third 
and to the fifth powers of the freqt^ncy can be conipared with the exact 
results of reference 1. The frequency range in which the approximate 
coefficients are sufficiently accurate is the smallest for low supersonic 
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Mach numbers. For this reason one Mach nvmiber chosen as a hasis of 
comparison is M = 10/9; comparison is also made at M = 10 /t« The 
resvilts are presented in figure 5 as functions of the frequency param- 

eter cd = for a pitch-axis location at the root midchord 

m2 - 1 

^[iQ = 0 . 5 )* The accuracy can he assessed from the figure and it can he 

readily seen that, for each force and moment coefficient, the more terms 
carried in the power series, the more closely the approximate curve fol- 
lows the exact curve. The lowest order freq^uency term, represented hy 
a horizontal line in each part of figure illustrates the corresponding 
coefficient of dynamic -stahility work, useful for sufficiently low fre- 
q.uencies. If an inaccuracy of 10 percent from the exact values can he 
tolerated, the approximations adequately represent the exact theory in 
ranges of the freq.uency parameter t5 as follows; For expansion of the 
velocity potential to the range of usefulness is about 0 = c5 = 1.4. 

For expansion to a?, the range is limited hy M 5 to about 0 ^ to ^ l-T- 

For the dynamic stability coefficients (expansion to Z5) the range is 
about 0 S t5 = 0.7^ which, for this Mach number of 10/9^ represents an 
oscillation as rapid as 95 root chords (l42 mean aerodynamic chords) 
per cycle. The wave length in root chords is equal to jt/k. (it should 
he \anderstood that for certain combinations of plan form, Mach number, 
and pitch-axis location (for example, a£ shown in fig. 2) the first-order 
approximation to the damping in pitch Mlj. can be zero or near zero, in 
which case the higher order contributions even at low frequencies can be 
a large percent of the first-order contribution. The fact remains, how- 
ever, that the higher order contributions are small in absolute amo'unt 
for low freq\oencies and vanish at the limit of zero frequency. ) 


As the Mach number decreases toward unity, the useful range of 

redticed frequency k decreases toward zero since k = — ~ ■ — } further 

more, the \asefulness of the linearized theory itself becomes questionable 
as M approaches unity. Conversely, as M increases, the useful range 
of k increases even if the usefxil range of c5 rranalns constant. The 
useful range of oj may increase, however, as M increases, as is illus- 
trated in figure 5 ccaaparison of the coefficient curves for M = I 0/7 
with those for M = IO/ 9 , both cases being for the supersonic-leadlng-- 
edge delta wing. It can be seen that for the higher Mach number the 
approximate curves are more closely grouped about the exact curve for 
most of the coefficients, notably and k^^y’c. 


A point to be noted from the curves of 



representing the dancing of pitching oscillations. 


is that this quantity 
increases with an 
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increase in frequency; this result indicates that higher reduced fre- 
quencies have a stabilizing effect on the pitching degree of freedom. 

The i mm ediately preceding paragraphs discussing figure 5 are con- 
cerned with the accuracy of the approximate coefficients specifically 
for the sonic- and supersonic -leading -edge delta plan forms at M = IO /9 
and M = 10/7* In a broader vein it was pointed out in the preceding 
section with the aid of tables 1, IX, and III that, for the arrowhead 
wing in general, increasing the Mach number, increasing the leading-edge 
sweep angle (except for the supersonic-leading-edge delta wing), or 
decreasing the tralling-edge sweep angle has the effect of decreasing 
the relative importance of the higher order frequency terms in comparison 
with the lowest order frequency term in each flutter coefficient. A 
concxnrrent result is, of course, that any of these given parametric 
changes brings about an Increased accuracy for the approximate coeffi- 
cients of the present paper as well as for tlie resiilts of references 3 
to 8. 


In figure 4 a short-dash curve is included for comparison; this 
curve results from use of the exact coefficients of reference 1 for the 
case of the sonic -leading -edge delta wing at M = 1.25- liie wing p lan 
form and Mach number for the short-deish curve and the associated solid 
ctirve are identical., and it may be seen that the approximate curve 
(fifth power of the frequency) is very close to the exact curve. As a 
matter of interest, the long-dash curve labeled ”53" shows the corresponding 
result of applying first-power- of -the-frequency coefficients. As this 
long-dash curve extends to the left, it shows to an increasing extent 
a result of lalsapplylng the first-power frequency coefficients to too 
high values of oscillation frequency. 


CONCLUDING RMAEKB 


Expressions based on linearized supersonic potential theory are 
given for the total forces and moments on thin rigid arrowhead wings 
oscillating harmonically in pitch and vertical translation. These expres- 
sions are based on an expansion of the velocity potential as a power 
series in terms of the frequency of oscillation and extend to the fifth 
power of the frequency for the subsonic-leading-edge wing and to the 
third power for the supersonic-leading-edge wing. Figures are presented 
from which the accuracy of these expressions can be assessed. 

The importance of higher order frequency terms in the flutter coef- 
ficients in comparison with the lowest order frequency term decreases 
in general as the following parametric changes occur; increasing Mach 
nimiber, increasing leading-edge sweep angle (except for the supersonlc- 
leadlng-edge delta wing) , and decreasing traillng-edge sweep angle. 
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Such parametric changes have the concurrent result that the approximate 
results of the present paper, as well as those of MCA Technical Note 249^4- 
and NACA Report 1D99 (which give section coefficients for supersonic- 
and suhsonic-leading-edge arrowhead wings, respectively), become 
increasingly accurate for any given reduced frequency. 

With regard to dynamic instability in pitch, for a given Mach number, 
pitch-axis location, and leading-edge sweep angle, an arrowhead wing is 
more stable (or less unstable) if the trailing edge is sweptforward and 
less stable if the trailing e^e is sweptback. The wing also tends to 
be more stable at higher frequencies than at low frequencies. An insta- 
bility in pitch, however, does not necessarily imply an instability if the 
wing is also free to translate vertically. Examples are shown of require- 
ments on mass ratio and radius of gyration for the condition of no elastic 
restraint, that is, with the wing flying freely, with these two degrees 
of freedom. 


Langley Aeronautical Laboratory, 

National Advisory Committee for Aeronautics, 
La n gley Field, Va. , Februaiy 3^ 1955* 
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APPENDIX 

SPAWISE INTEGRALS 
Subsonlc-Leaidlng-Edge Wing 


For use In equations (5a) to (^h) , several spanvlse Integrals 
required. The first is 


'1-CD 


Il,m = 2 j 1 + 2Dv + (d 2 - i)v2 dv 


where C = cot A eind D = tan Apg. By use of a recursion formula; 




with 


T = C2 

1 - c2d2 


l\/l - c2d2 


+ sin-lCD) + D 


(m = 0) 




Another integral needed is 



v^(l + 


Dv)“\ 


+ 2Dv + 



— }v2 dv 
C2/ 


are 


(Al) 


(A2) 


(A5) 


(Al^) 


(A5) 
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which can he determined from combinations of various values of 

when (l + Dv)^ is expanded or, for the case of m = 0, can he found by- 
use of the recvirsion formula 



(n £ 1) (a6) 


and, for n = 0, l2,0® “ ^1,0* 

The third integral needed is 

C 

I, ^ = 2 r ' cosh“^ dv (A7) 

Jq V 

Thro-ugh Integration by parts. 


C 



Use can be made of the recursion formula 
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l5,n 


ri-cD 

= 2j 


vAiv 


a + 2Dv + fl)2 - -i.U2 




1 C‘ 


^ 1 - 


(2n - l)Dl3^n-l' + (n - l)l3,n-2* 


(n ^ 2) (A9) 


eind of 


^3,0 


\jl ~ C^D' 


2C /« + sin-^CD 
2 


(n = 0) (AlO) 


"3,l' “ * ”5-o') 


(All) 


Siipersonlc-Leeidlng-Edge Wing 

The spanwise integral of Emn is (with the cotangent of the leading- 

edge sweep angle designated by C in the present paper rather than by A 
as in ref. 4) 

C 

p 1-CD , 

Enin = 2R.P.J 2P^n+l^(l ^ + pDv + (D^ - p2)y2 a.v (A12) 

where E.P. means the real part of the quantity to follow. The quan- 
tities Ejnn axe seen to equal gm+n+l times l2,rp- equation (A5) ^ 

provided that C is replaced by l/3 in the integrand and in the upper 
limit of equation (A5); thus, ^nn can be evaluated by use of equa- 
tions (A5) And (a 6) once the substitution of l/p for C is made. 
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The spanwise integral of is 


JJmn 


a.P. / 


c_ 

1-CD 


gS-Birta. 


^p2cv^®(l + Dv)“^[c + (C® + l)v] oos-1 


1 + (D + 3®C) V , 
3[c + (CD + l)v] 


(-p2cv)®(l + Dv)”^rc + (CD - l)vl^eoB-l ^ . dv 

^ J 1/1 . f /tr\ T V . n i 


p[c + (CD - l)v] 

Through integration hy parts, it can be determined that 


(A 13 ) 



c 

[Kl,n"J 

Pl-CD r 
> = R.P. / 

^0 L 


c + 


(OD t 1)V>C0B-1 (Pt 

J 3LC + (CD ± l)vj 


dv 


- tC^'*'^cos~^(l/pc) ^ a 

(n + 1)(1 ± CD) (n + l)(l ± CD) 

where the upper q.xiantity associated with K2^n' ^<3. the 

upper of the alternate signs ± or and the lower quantity 
with K 2 ^h" and the lower of the alternate signs. The quantities K 2 ^ 
and K2,n" determined by the recursion formula 




2,n 


K2,n" 


(Aik) 


Ka-n' I ri-CD [c + (CD ± l)v]“dv 

Ka,a" J 0 \/x + 2 Dv + (d 2 _ p 2 ) v 2 


1 

Cii-1(CD ± 1) + (2a - l)(p2c ± D) 1^'“"^ ] 

• - (a - 1) <r ■ 

[•^, 11 - 2 ' 

1 


n(p2 _ d2) 

[K2,n-l"J 


[K2,a-2"J 

1 


(n ^ 1) (AI5) 
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and 


K, 




2,0 


K2,0 


> = ■ A d\ 

\yp2 « d 2\2 py 


(n =« 0) (A16) 


The quantities Fmn^ (needed for forces and moments to the third 
power of the frequency) can be expressed as 


^On = 2^‘^^(Kl,n' + Ki,n") 


^ ^l,n “ ^l,n+l 

“■ \ 1 + CD 1-CD; 


F2n° = 


(1 + CD) 


i— + D%i,a+a'j + 


•• - 33Ki an" + lAl.n+s") 

- CD^2\ ! 


(1 - CD) 


?0a^ = -^n l 


» 2^5p2c 


1+CD 


1 - CD 


(1 + CD)2 


> (A17) 


-®l,n‘ + Cl - CJD)Ki^^i' + 


(1 - CD)‘ 


.[-CKi^a" + (1 + - “Ki,„2"] 
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The remaining req,uired integral is 

_C 

- 2E-P- 1 


1-CD 

v° cosh"-*- t dv 
0 Pv 




r 3-D 

= 2 / cosh-l — i — ~ dv 

^ A Pv 


(A18) 


which, after integration by parts, is the same as 
replaced by l/p in equation (a 8) . Thus, 


I4,n = I4,a' 

^ n + 1 ■’ 


(A19) 


and 


i4,o' = 


^3^ - d2' 


+ sin- 


-^1 


(n = 0) (A20) 




(A21) 


^4,n’ = 


n(p2 _ p2) L 


(2n - l)DIi,^„_i‘ + - ^)\,n-2 


(n ^ 2) (A22) 


The spanwise integrals of the quantities G ^nn of reference 4 can 
now be expressed as follows; 
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J (®02 - 

®02 = - I ®21 - 


°03 = - P^22 - 20^E4o) > 


G20 = I E21 - 83214^1^ 


®21 = ^(E22 - 3^Ei^ 


(A23) 


The spanwlse integrals of the quantities of reference 4 

also be expressed as follows: 


can 


- 2 C ^ 02 ° " c ^^^,2 
%2°= ^?03° -| J5-I20 


(A24a) 

(A24b) 


^ - I 


3C^ — 

— E21 + (3(7 + 5)1 




(A2hc) 




(2ff + 5)E4 q + c%. 


'22 


(A24d) 


Hn ° ^ + 1 V 0 

6c 2 °5 ^ ic ^12 - 3C ®ao 


(A24e) 
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k\[a 
.2 


^ Egi + (5 ff + 5 ) 14^4 
lo 


( A 2 i <- f ) 


- ,0 . _±_ f „^0 ^ ^ . ^| c 22 I + 25)5 i «) + 

20C' 


^15'^ - ns ■*■ 1K3 30 c 


=..0 . _ i - f „,.0 . i f 22° - ^ ^ * ’'"‘‘A 


^ ' 2C 

12 C -^ 3 C 


%1 = 773 " --2 


3 c 5 


(A24g) 


(A2irti) 




30c 


JC^Egg + (6 (T + 5)^14^ 


(A2lH) 




( A 24 j ) 


= # fo..° - ¥ ^15° - ^ 

oO 


(A24k) 


= i fo4^ - f 0 ^^[o^22 + (2<> + 11)^40 


CA 21^1) 


. , e „ aif™s Of 0 :^ 00 .^ ^ r " a " t.e 

.et^e. t.e “^^e^^nefS^nce 4. ^ pr^tias e^oae 

TrTJZTZ tn ccffej;. ia tao^eaaafa ao.fcee, 44e. ^.a paes- 
ent in Gqjj ®20^ ^21^ ^ ^'H ^ ^3 
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TABIiE I 


TOTAL UPT AND MOMEUre PLOTTER CWEEPICIEKIB POR 
AN ARROWHEAD WING WITH >)q => 0^ A - 

and A^ « qO aI various MACH NtMBERS 


M 

Li/c 

L2/C 

Lj/C 

L4/C 

Mi/C 

Mg/C 

Mj/G 

Mi^/C 

1.05687 

2.8466 - 
76.050^2 + 

1740 . 9 E&^ 

1 . 4 o 44 (l/k) - 
X 5 .P 73 E + 
594.01k? 

l. 4 o 44 (l/k 2 ) - 
9-8i48 + 

291 - 5 Ek 2 

- 0 . 4559 ( 1 / 4 ) + 
52.872k - 

1526.524? 

6.2700 - 
152.2542 + 

5156.124*^ 

1.8726(1/4) - 
24.11674 + 

962.414? 

1.6726(1/42) - 
15.704 + 
810.9342 

-2.6509(1/4) + 
95.624 - 

2401.545 

1.15282 

1.5085 - 

10 . 2541:2 + 
3Q.T99i^ 

1.248o(iA:) - 
4.2056k + 

22 . 20 gk? 

1 . 2480 ( 1 / 42 ) - 
2.0420 + 
12.27942 

0 . 4 p 84 (l/ 4 ) + 
5.5816k - 

22.27844? 

2.2624 - 
17.057542 + 

74,9524*^ 

1 . 664 o(l/k) - 
6 . 725 £k + 

50 , 2884 ? 

1 . 664 o(l/k 2 ) - 
5.2670 + 
16,95942 

0.6125(1/4) + 
8.93654 - 

42.79245 

1.29268 

0.8999 - 

2 . 52281:2 + 

5.77671^ 

1.0967(1/4) - 
1.66554 + 
5.50964? 

1.0967(1/42) - 
0.6268 + 
1.572542 

0.6585(1/4) + 

O.988& - 
1.61154? 

1.5498 - 
4.204942 + 

6 . 60884 ^ 

1 . 4625 ( 1 / 4 ) - 
2.66144 + 
5.67544? 

1 . 4625 ( 1 / 42 ) - 
1.0028 + 
2.552442 

0.9578(1/4) + 
1.64824 - 
2.820545 

i.ij^iii-ai 

0.6667 - 
1. 200042 + 
l.o665k^- 

1.0000(1/4) - 
1.00004 + 
1 , 22224 ? 

1.0000(1/42) - 

0.5??? + 
0.421542 

0.6667(1/4) + 
0.40004 - 

0.58894? 

1.0000 - 
2.000042 + 
1.90154^ 

!.????( lA) - 
1.6000k + 
2.909545 

1 -? 53 ?(i/ 42 ) - 

0 . 555 ? + 

0.722642 

i.oooo(iA) + 

0.6667k + 
0.676545 
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lABLE II 


VM 

ro 


TOTAL U5T AND MOMENT ELDTTER OOEmUUSB'Ja 50R AEBOMHEAD WINGS WITH Mq =. 0 AMD 
= 0° PDR TASIODB UEADING-EIXIB SWEEP ANGMS 


(a) M = 1.1528a 


A, 

a®g 

ll/C 

L2/C 

L3/C 


p___ 

Hl/c 

Mg^C 

Mj/C 

Mjj/C 

gag. 8 

3.53!^ - 
27.3708k:® + 
117.8951!^ 

1 . 745 l^(l/k) - 

10.7075k + 
60.5701k? 

1 . 7454 ( 1 / 31 : 2 ) - 

7.1739 + 
42.3385k® 

- 1 . 2083 dA) + 

l8.^19k - 

85.3383k? 

5.3392 - 
45.6515k® + 

204 . 6 (^ 

2 . 3246 (l/k) - 
17 .l 4 O 0 k + 
286.320k? 

2 . 3246 {l/k®) - 
11.4839 + 

255.0534® 

-1.8269(1/^) + 
31 . 444 k - 
l 42 . 48 lk? 


1.5083 - 

10 . 251 He 2 + 

38.7991?^ 

1 . 248 o(l/k) - 
4.2036k + 
22.209k? 

1 . 248 o(l/k 2 ) - 
2.0420 + 
12 . 279 k® 

0 . 4084 (l/k) + 
5.5616k - 
22 . 2784 k? 

2.2624 - 
17.0573k® + 
74.95^ 

1 . 664 o(l/k) - 
6.7258k + 

30.288k? 

1 . 664 o(l/k®) - 
3.2670 + 
16.^94® 

0-6l25l(i/k) + 

8.9365k - 
42 - 7934 ? 

59.6 

0.39601 - 

2 . 5950 k 2 + 
10.059k'^ 

0.83745(1^) - 

1 . 1340 k + 

5.3503k? 

0 . 83745 (l/k 2 ) 

0.22268 + 
1 . 8948 k® 

1 . 0426 (i/ 3 £) + 
0 . 735331 - 
4 . 077 fik? 

0.59400 - 
4 . 3247 k® + 
17 . 6 o 4 k^ 

I.n66(l/k) - 
1 . 8 l 45 k + 
9.1721k? 

I.ll 66 (l/k 2 ) - 

0.54917 + 

3 . 2425 k® 

1.564o(l/k) + 
1.22534 - 
7.1372k? 

73.2 

-0.08553 - 

0 . 27 T 92 Is 2 + 
1.5^^Jk^ 

0 . 45725 (l/k) - 
0 - 09640 k + 
0.58165k? 

0 . 45725 (i/t®) - 
0.053081 + 
0 . 129614 ® 

0 . 9454 l(l/k) + 
0.03135k - 
0 . 80443 k? 

-0.12800 - 
0 . 46320 k® + 
3 . 6785 k^ 

0 . 6 o 965 (l/k) - 
0 . 15424 k + 
0 . 9972 k? 

0.60965(1^^ - 
0.08493 + 
0.22263k® 

1 . 4 l 8 l(i/k) + 
0.05229k - 
2 . 4035 k? 
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TABUS II.- Ctoncludjed 


TOTAL LIST AMD MOMENT IWTER OOEPPICIEHT0 FOR AHBOMHEAD WOfOS WITH Mq “ 0 AMD 
AqjE “ 0° FOR VARIOUS DEADING-EDGB SWEIEP ANa.ES 


(b) M«1.30 


A, 

dag 

M 

laA 

■ L^jc 

Lj/C 

14/c 

Ml/c 

KQjo 

M3/C 


S 39.7 

1.300 

1.1632 - 

3 . 2199 b® + 
4 . 6230 ]s^^ 

1 . 2039 ( 1 / 4 ) - 
2.1366k + 
4 ,ll 22 k 5 

1 . 2039 ( 1 / 4 ®) - 
0.9742 + 

1.97434? 

0 . 4420 (l/k) + 
1.5172k - 
2.273143 

1.7447 - 
5.3410k® + 
8 . 0904 k*<- 

1 . 6051 (iA) - 
3.4631k + 

7 . 0502 k 3 

1.6031(1/4®) - 
1.3792 + 
3.5834k® 

0.6628(l/k) + 

a. 50334 " 

3.981345 

45 

1.293 

0.8999 ~ 

2.52281i2 + 

5.776711^ 

1 . 0967 (iA) - 
1.6635k + 
5.309643 

1.0967(1/4®) - 
0.6268 + 

1 . 3723 k 2 

0.63^(l/k) + 

0.98884 - 
1 . 6 U 5 k 3 

1.3498 - 
4 . 20494 ® + 
6.606^ 

1 . 4623 (iA) - 
2 . 66 l 4 k + 
5.673443 

1 . 4623 (l/k®) - 
1.0028 + 
2 . 3524 k® 

0.9378(1/4) + 
1 . 6481 k - 
2.820543 

50 

1.308 

0.6258 - 
1 . 6 ^ 33 ^ + 

'2.245^ 

0.9760(1/4) - 
1 . 1194 k + 

2.097943 

0.976o(l/k?) - 
0.30412 + 
0.6347k® 

0.7962(1/4) + 
0.4727k - 

0 . 7347 k 3 

0.9387 - 
2.85634® + 
3.92^^ 

1.5012(l/k) - 

1.7911k + 
5.496043 

1.3012(l/k®) - 

0.4865 + 
1 . 0998 fe^ 

1.1943(1/4) + 
1.04074 - 
1,320843 

60 

1.325 

0.22231 - 

0 . 6072 k 2 + 

0.76174^^ 

0 . 7488 (l/k) - 

0.4529k + 

0 . 7252 k 3 

0 . 7488 ( 1 / 1 s 2 ) + 

0.00467 + 
0.04961k® 

o. 966 o(iA) + 

O.OlUCSk - 

0.0808543 

0.3335 ' 

1 . 03204 ® + 

1.33321^ 

0 . 9984 (l/k) - 

0.6927k + 
1.245343 

0 . 9984 (l/k®) + 
0-00742 + 
0.08526k® 

1.4490(1/4) + 
0.018534 - 
D. 141743 
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TAEtE in 


TOTAL LIIT -AMD MOMENT FLUTTER COEEFICIEKIB FOR ABROWEEAD WHfGS VOTE Jjq “ 0 , 
A = 450, AND M = 1.50 FOR VARIOUS TEIAILIHG-EDGE SWEEP ANGELES 


AiJEj 

deg 


Lg/C 

1 ,/c 

h/c 


i^/c 

Sj/c 

M4/C 

20 


1 . 56 ^(iA) - 
1 . 8934 k 

1.5685(1/]^) - 
0.4380 

i. 4094 (iA) + 
0.5527k 


2 . 8391 (iA) - 
4.1086k 

2 . 8391 (iA^) - 
0.9114 

2 . 7595 (iA) + 
1.2060k 

JJO 

0.7115 - 

1 . 1554 l £2 

1 . 1565 (l/k) - 
1.0089k 

i. 1565 (i/i 2 ) _ 

0.2524 

0 . 9468 (l/k) + 
0.2788k 

1.2246 - 
2.nogk2 

1 . 7165 (iA) “ 
i.Sigik 

1 . 7 l 65 (l/k 2 ) - 

0.4502 

1 . 5703 (iA) + 
0.5162k 

0 

0.4771 - 

0.687Ifc2 + 

0 . 48441 :*^ 

0 . 8944 (l/k) - 
0 . 6441 k + 
0 . 6 l 82 k 5 

0 . 6944 (l/l! 2 ) - 

0.1671 + 
0.1598^2 

0 . 7155 (iA) + 
0.1739k - 
0.1516k? 

0.7156 - 
1. 145242 + 
0 . 8478 k*^ 

1.1926(1 A) - 

1.0306k + 
1.0598k? 

1 . 1926 (iA^) - 
0.2674 + 
0.27391^ 

1 . 0753 (iA) + 
0.2898k - 

0 . 2305 k 2 


0.3451 - 
0.46631^ 

0 . 7551 {iA) - 
0.4508k 

0 . 733 l(l/k 2 ) - 

o.n 5 i 

0 . 5717 (iA) + 
0. 1175k 

0.4629 - 

0.72374^ 

0.8882(iA) - 
0.6636k 

0.8882(l/k2) - 

0.1759 

0.7994(1 A) + 

0.1827k 


M VOVH 
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TABLE TV 

KELATION BETWEEH ELUEEER AKD STABILITI CX5EFETCIENT NOTATION 



wings. 
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NACA ™ 3455 



stable region 


Mach number ftxv 
sonic leading edge 


Unstable 



Figure 2.- Curves showing ranges of Mach number M and axis of rota- 
tion for which the aerodynamic pitching moment vanishes for slow 

oscillations of arrowhead wings with leading-edge sweepback of 
and various trailing -edge sweep angles. Curves are ended at M for 
which trailing edge is sonic. 
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_^-0J 


V 


Vjl 

03 





defined by 




Unstable pressure 
region 



defined by 


V = 0 l 748 



Unstable pressure 
region 


Figure 5.- Sketch showing regions having a pressure which contributes 
to pitching Instability for slow oscillations of arrowhead wings with 
leading-edge sweep angles of ^ 5 ^ and 60°, a Mach number of lO/ 9 ^ and 
with various locations of pitch axis Pq. 



MI VOVH 




f 



Figure 4 .- Curves separating stable and unstable regions of radius of 
gyration r^^ and mass ratio of wing for three arrowhead-wing 

plan forms with two longitudinal degrees of freedom^ pitch and ver- ^ 

tical translation; at M I.25 with >=0.5. 
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(b) ItnogifxaY part of lift- curve slope associated with vertical transkitkHi of wing. 

Figure 5-" Coioparison of lift- and jnoment -curve slopes obtained from 
exact approximate theory as a function of frequency parameter 
for sonic- and supersonic-leading-edge delta wings with Pq = 0.5 

for M = 10/9 and lo/Y. The power of 5 required to produce each 
approximate curve is indicated. 


i 


CC-ilC Nai YOVH 





















